ABSTRACT The organization of neurons and the maintenance of that arrangement are critical to brain function. Failure of these processes in humans can lead to severe birth defects, mental retardation, and epilepsy. Several kinesins have been shown to play important roles in cell migration in vertebrate systems, but few upstream and downstream pathway members have been identified. Here, we utilize the genetic model organism Caenorhabditis elegans to elucidate the pathway by which the C. elegans Kinesin-1 Heavy Chain (KHC)/KIF5 ortholog UNC-116 functions to maintain neuronal cell body position in the PHB sensory neurons. We find that UNC-116/KHC acts in part with the cell and axon migration molecules UNC-6/Netrin and UNC-40/DCC in this process, but in parallel to SAX-3/Robo. We have also identified several potential adaptor, cargo, and regulatory proteins that may provide insight into the mechanism of UNC-116/KHC's function in this process. These include the cargo receptor UNC-33/CRMP2, the cargo adaptor protein UNC-76/FEZ and its regulator UNC-51/ULK, the cargo molecule UNC-69/SCOCO, and the actin regulators UNC-44/Ankyrin and UNC-34/Enabled. These genes also act in cell migration and axon outgrowth; however, many proteins that function in these processes do not affect PHB position. Our findings suggest an active posterior cell migration mediated by UNC-116/KHC occurs throughout development to maintain proper PHB cell body position and define a new pathway that mediates maintenance of neuronal cell body position.
I
N the developing nervous system, neurons must migrate to their proper position and then maintain that position throughout the life of the animal. This is an important process, as aberrant neuronal position is thought to cause severe birth defects such as lissencephaly (fewer gyri), pachygyria (fat gyri), and various heterotopias (mislocalization of brain matter). These defects can lead to severe mental retardation and epilepsy in humans (Verrotti et al. 2010; Liu 2011 ).
In vertebrates, several different kinesins are necessary for proper cell migration (Zhang et al. 2009; Tsai et al. 2010; Vidal et al. 2012) . For example in mice, KIF5C/Kinesin-1 Heavy Chain (KHC) is necessary for the migration of neurons into the cerebral cortex (Vidal et al. 2012) . In rats, at least one isoform of the heavy chains of Kinesin-1, -2, -3, -8, and -11 mediates cell migration to the intermediate zone and cortical plate (Tsai et al. 2010) . However, the mechanism by which kinesins affect cell migration is still poorly understood.
During cell migration, neurons are directed by an array of highly conserved guidance cues (Hatten 2002; Rorth 2009 ). In vertebrates and invertebrates, the secreted ligand UNC-6/ Netrin and its receptors UNC-40/DCC and UNC-5/Unc5, as well as the secreted ligand SLT-1/Slit and its receptor SAX-3/Robo, are necessary for positioning along the dorsalventral axis (Hedgecock et al. 1990; Ishii et al. 1992; Leung-Hagesteijn et al. 1992; Hamelin et al. 1993; Chan et al. 1996; Kim et al. 1999; Bradford et al. 2009 ). Wnts, by contrast, control migration along the anterior-posterior axis (Harris et al. 1996; Silhankova and Korswagen 2007) . VAB-8/KIF26B, a kinesin-like motor protein in Caenorhabditis elegans, also has a role in many posterior cell migrations (Wightman et al. 1996; Wolf et al. 1998 ) and likely acts upstream of UNC-40/DCC and SAX-3/Robo to localize these receptors (Levy-Strumpf and Culotti 2007) .and synapses . These studies have implicated cell adhesion molecules, extracellular matrix components, and cytoskeletal proteins as playing a critical role in maintaining neuronal position (Sasakura et al. 2005; Zhou et al. 2008; Benard et al. , 2012 Zhou and Chen 2011; Johnson and Kramer 2012) . It has been hypothesized that dedicated maintenance factors "glue" the nervous system together as well as "shield" neurons from disruptive cell migration signals . Interestingly, work in planarians suggests that Netrin is necessary for maintaining neuronal architecture, although the mechanism is not yet well understood (Cebria and Newmark 2005; Cebria et al. 2007) . In addition to their canonical long-range roles in guiding axon outgrowth and cell migration (Tessier-Lavigne and Goodman 1996; Dickson 2002) , Netrins have also been found to have adhesive roles in such processes as the development of mammary glands (Srinivasan et al. 2003 ) and the pancreas (Yebra et al. 2003) , oligo-axonal adhesion (Jarjour et al. 2008) , and synaptic partner recognition (Park et al. 2011) . Thus, Netrins have the potential to function either as migration cues or to promote adhesion to mediate neuronal maintenance.
The canonical Kinesin-1 complex consists of two heavy chains, encoded by unc-116 in C. elegans (Patel et al. 1993) , that contain the motor and microtubule-binding sites and two kinesin light chains, encoded by klc-1 and klc-2, which provide cargo specificity and regulation (Goldstein and Yang 2000; Koushika and Nonet 2000) . However, the heavy chain can also function independently of the light chains in Drosophila (Glater et al. 2006) . UNC-116/KHC is required during meiosis, in complex with KLC-1, KLC-2, and Kinesin Cargo Adaptor 1/KCA-1, to translocate the meiotic spindle to the oocyte cortex (Sakamoto et al. 2005; Yang et al. 2005) . UNC-116/KHC functions in nuclear migration with KLC-2 and the nuclear-specific cargo adaptor UNC-83/Klarsicht ANC-1 Syne homology (KASH) (Meyerzon et al. 2009 ). UNC-116/KHC also has several important roles in neuronal development. For example, UNC-116/KHC is necessary to promote axon guidance and outgrowth via localization of UNC-69/SCOCO and UNC-76/FEZ (Su et al. 2006) and UNC-33/CRMP-1 through interactions with KLC-2/Kinesin Light Chain 2, UNC-51/ULK, and UNC-14/RUN , as well as to regulate directional migration of growth cones with WVE-1/WAVE and in parallel to MIG-15/ NIK, ERM-1/Ezrin/Radixin/Moesin, and UNC-34/Enabled (Teuliere et al. 2011) . UNC-116/KHC also regulates dendritic branching with DHC-1/Dynein Heavy Chain and BICD-1/Bicaudal D (Aguirre-Chen et al. 2011) and normal presynaptic vesicle localization with KLC-2, UNC-14/RUN, and UNC-16/JIP3 (Sakamoto et al. 2005) .
In this article, we utilize the genetically tractable model organism C. elegans to elucidate the genetic pathway by which UNC-116/KHC mediates correct cell body position. We find that UNC-116/KHC is necessary to maintain the proper posterior position of the PHB sensory neurons, although mutations in VAB-8/KIF26B and several other kinesins do not affect this process. We report that UNC-116/KHC acts with UNC-6/Netrin and UNC-40/DCC and in parallel to SAX-3/Robo to promote proper PHB position. We also find that expression of UNC-6/Netrin throughout the region is sufficient to displace PHB neurons anteriorly, consistent with a requirement for an UNC-6/Netrin gradient. In addition, we identify a subset of Kinesin-1 cargo molecules, actin reorganizers, and signaling cascade members previously implicated in cell and/or axon guidance that are also required for correct PHB cell body position. However, previously characterized adhesion molecules likely function in parallel to the UNC-116/KHC neuronal maintenance pathway. Our results suggest that UNC-116/KHC mediates an active posterior cell migration that occurs throughout larval development to maintain the proper PHB cell body position. We also outline a new pathway by which this critical process is mediated.
Materials and Methods

Strains and genetics
Strains were maintained by standard methods (Brenner 1974) . All worms were raised on OP50 Escherichia coliseeded NGM plates at 20°. Wild-type strains were C. elegans variety Bristol, strain N2. Integrated transgenes used in this study include three integrants used to visualize PHB cell bodies, wyIs154 IV, wyIs155 X, and wyIs157 IV [ p nlp-1:: mCherry (10 ng/ml), p flp-18::mCherry (5 ng/ml), p gpa-6:: nlg-1::spGFP1-10 (60 ng/ml), p flp-18::nlg-1::spGFP11 (30 ng/ml), and p odr-1::RFP (20 ng/ml)] (Park et al. 2011) , and an integrant used to visualize the lumbar and preanal ganglia, otIs45 V (Altun- Gultekin et al. 2001) . Transgenes generated as extrachromosomal arrays for this study include two lines used for cell-specific rescue of unc-116/KHC(rh24sb79), iyEx114 and iyEx116 [ p nlp-1::unc-116/KHC (7 ng/ml), p unc-122::RFP (20 ng/ml)]; an extrachromosomal array used for observing defects in lin-44 (n1792) zdIs5 I; cwn-1(ok546) II; egl-20(n585) IV; cwn-2 (ok895) IV; mom-2(ne874) V, iyEx196 [ p nlp-1::mCherry (10 ng/ml), p unc-122::RFP (20 ng/ml)]; and an extrachromosomal array used to express UNC-6/Netrin throughout the PHB region, termed p egl-20::unc-6 line 1, iyEx159 [ p egl-20::unc-6 (20 ng/ml), p unc-122::RFP (20 ng/ml)]. We also obtained and assayed a similar line from K. Shen (Stanford University, Stanford, CA), termed p egl-20::unc-6 line 2, wyEx1916 (Poon et al. 2008) .
Mutations used in this study include ced-10(n1993) IV, cfz-2(ok1201) V, che-3(e1124) I, cwn-1(ok546) II, cwn-2 (ok895) IV, dgn-1(cg121), dhc-1(or283ts) I, dhc-1(or352ts) I, egl-15(n484) X, egl-17(e1313) X, egl-20(mu39) IV, egl-20 (n585) IV, kca-1(ok2777) I, klc-1(ok2609) IV, klc-2(km11) V, klp-11(tm324) IV, lin-17(n671) I, lin-44(n1792) I, mig-1 (e1787) I, mig-2(mu28) X; mig-10(ct41) III, mig-15(rh148) X, mom-2(ne874) V, mom-2(or775) V, mom-2(or85) V, mom-5(gk812) I, osm-3(hf3) IV, sax-3(ky123) X, sax-7 (nj48) IV, slt-1(eh15) X, unc-5(e53) IV, unc-6(ev400) X, unc-14(e57) I, unc-16(e109) III, unc-33(e204) IV, unc-34 (gm104) V, unc-40(e271) I, unc-44(e362) IV, unc-51(e369) V, unc-69(e587) III, unc-73(rh40) I, unc-76(e911) V, unc-104(e1265) II, unc-116/KHC(rh24sb79) III, vab-8(gm84) V, wve-1(ok3308) I, and zen-4(or153) IV. The temperature-sensitive strains dhc-1(or283ts) I and dhc-1(or352ts) I were maintained at 20°until larval stage 1 (L1) and then maintained at either 20°or 25°.
Cloning and constructs
The following plasmids were previously described: p unc-122::RFP, p flp-18::mCherry, p flp-18::nlg-1::spGFP11, p gpa-6::nlg-1::GFP1-10, and p nlp-1::mCherry, p egl-20::unc-6 (Loria et al. 2004; Feinberg et al. 2008; Poon et al. 2008; Park et al. 2011) . To generate the p nlp-1::unc-116/KHC construct, we amplified the unc-116/KHC cDNA from an N2 cDNA library, adding 39 EcoR5 and 59 Acc65I sites, and subcloned it into the Acc65I-EcoR5 fragment of a pSMD vector (a generous gift from S. McCarroll, Harvard University, Cambridge, MA) containing p nlp-1 (inserted with NotI and XbaI).
Fluorescent microscopy
All images captured were of live C. elegans, using a Zeiss (Thornwood, NY) Axio Imager.A1 compound fluorescent microscope under 630· magnification. All micrographs were taken of gravid adults (termed "adults" throughout this work) unless otherwise noted. Phasmid neurons were either fluorescently labeled with transgenic markers labeling PHB neurons (see Strains and genetics) or labeled with a lipophilic dye. Dye filling was performed as previously described (Coburn and Bargmann 1996) , using 20 mg/ml, 100 mg/ml, or 1 mg/ml of 1,19-dioctadecyl-3,3,39,39-tetramethylindocarbocyanine iodide (DiI) or 50 mg/ml of 3,39-dioctadecyloxacarbocyanine iodide (DiO) to assay animals for PHA and PHB cell body position defects. The following strains were dye filled: cfz-2(ok1201), cwn-1(ok546), cwn-2(ok895), dgn-1(cg121), dhc-1(or283ts), dhc-1(or352ts), egl-20 (mu39), egl-20(n585), kca-1(ok2777), klc-1(ok2609), klc-2 (km11), klp-11(tm324), mig-1(e1787), mom-2(or77), mom-2(or85), mom-5(gk812), unc-14(e57), unc-51(e369), wve-1 (ok3308), wyIs157, and zen-4(or153). Animals were immobilized using 0.3 M 2,3-butanedione monoxime (BDM), 10 mM levamisole in a 2:1 ratio or 50 mM sodium azide diluted in M9 buffer.
Phenotypic quantification
Visual assays and National Institutes of Health (NIH) ImageJ (Abramoff et al. 2004) were used to quantify all data. PHB and/or PHA cell body positions were scored as defective if animals had at least one PHB and/or PHA cell body in line with, or anterior to, the anal sphincter. Animals were scored as having unilateral or bilateral defects. Animals with PHB and/or PHA cell bodies posterior to the anal sphincter were classified as having a wild-type phenotype. The distance from the point at which the gut meets the anal sphincter to the most anterior wall of the most anterior cell body on each side of the animal was also measured in micrometers, using NIH ImageJ (see Supporting Information, Table S1 ).
Statistical analysis
Statistical differences in cell body locations between animals with different genotypes were determined using a two-sided z-test when comparing genotypes with defects in only one phenotypic class (unilateral or bilateral) or using Fisher's exact test with two-sided alternative when comparing genotypes with defects in two phenotypic classes (unilateral and bilateral). Fisher's exact test determines whether the observed proportions of animals with one-sided and two-sided defects or without defects are significantly different for two different strains of animals. Results are reported in the form of P-values in the figures (*P , 0.05; **P , 0.01; ***P , 0.001; NS, P . 0.05). P-values were adjusted conservatively using the Hochberg procedure, and exact values are given in Table S2 . Sample sizes were between 19 and 217.
Results
Kinesin-1 is necessary for proper PHB cell body position
The PHB neurons are a pair of chemosensory neurons that modulate chemorepulsion in C. elegans (Hilliard et al. 2002) . In wild-type animals, the left and right PHB cell bodies are located in the lumbar ganglion in the posterior of the animal ( Figure 1A ). PHBs have ciliated dendrites that project posteriorly to the phasmid openings in the tail and axons that extend anteriorly through the lumbar commissures and into the preanal ganglion (White et al. 1986; Hall and Russell 1991) . PHB cell bodies are born approximately in their final position, posterior to the anal sphincter (Sulston et al. 1983) .
We utilized two types of fluorescent markers to rapidly visualize phasmid cell body position: a cytosolic mCherry fluorophore expressed in PHB neurons [ p nlp-1::mCherry, in wyIs154, wyIs155, wyIs157 (Park et al. 2011) , iyEx155, or iyEx156] and neuronal dye filling using DiI or DiO, which labels PHB and PHA chemosensory neurons (Hedgecock et al. 1985; Coburn and Bargmann 1996) . In wild-type adult animals, the PHB cell bodies were not observed anterior to the anal sphincter (Figure 1 , A-D and L).
Strikingly, in unc-116/KHC mutants, PHB neurons are frequently anteriorly displaced such that cell bodies are in line with or anterior to the anal sphincter in adult animals. In unc-116/KHC(e2310) partial loss-of-function mutants (Patel et al. 1993; Aguirre-Chen et al. 2011) , 13% of animals have one PHB neuron anteriorly displaced (Figure 1 , E-G and L). In unc-116/KHC(rh24sb79) strong loss-of-function mutants, 68% of animals have anteriorly displaced PHB neurons; 25% of these animals have bilateral defects and 43% have unilateral defects (Figure 1 , H-J and L). unc-116/KHC (rh24sb79) was previously characterized as a strong loss-offunction allele (Yang et al. 2005) . sb79 was isolated as an intragenic suppressor of the rh24 gain-of-function allele (Yang et al. 2005) , a standard method to generate loss-offunction alleles (Hodgkin 2005) . Null alleles of unc-116/ KHC are likely embryonic lethal due to UNC-116/KHC's roles in early embryonic development (Yang et al. 2005; Mcnally et al. 2010) .
In addition to UNC-116/KHC, the Kinesin-1 complex also consists of two light chain molecules, encoded by klc-1 and klc-2 (Patel et al. 1993; Fan and Amos 1994; Adio et al. 2006) . Of the two light chain molecules, only klc-2(km11) mutant animals have a small, but significant defect in proper PHB cell body position. Twelve percent of klc-2(km11) animals have anteriorly displaced PHB cell bodies on one side ( Figure 1L ). klc-1(ok2609); klc-2(km11) double mutants do not have a more penetrant phenotype (12%) than klc-2 (km11) single mutants ( Figure 1L ), indicating that the small effect of KLC-2 and the lack of effect of KLC-1 are not due to redundancy of the two light chains.
UNC-116/KHC is required for the maintenance of PHB cell body position
To determine whether UNC-116/KHC is required for the maintenance of proper PHB cell body position or whether this errant position occurs early in development, we assayed PHB cell body position in wild-type and unc-116/KHC (rh24sb79) mutant animals during L1-L4, in addition to the adults described above. In wild-type animals, PHB cell bodies were occasionally anteriorly displaced in L1 and L2 The phenotype of unc-116 (rh24sb79) animals becomes more penetrant in later larval stages and in adults. Wild-type L1, n = 76; L2, n = 43; L3, n = 42; L4, n = 42; and adult, n = 110 animals. unc-116(rh24sb79) L1, n = 43; L2, n = 87; L3, n = 82; L4, n = 92; and adult, n = 44 animals. (L) Quantification of the proportion of animals with defective PHB cell body position in adults. Defects in PHB cell body position in unc-116(rh24sb79) mutant animals can be rescued by expressing unc-116 cell specifically in PHB neurons. klc-2/Kinesin Light Chain 2(km11) but not klc-1/Kinesin Light Chain 1(km11) has a defect in PHB cell body position, and the penetrance of klc-1/Kinesin Light Chain 1(km11); klc-2/Kinesin Light Chain 2(km11) double mutants is not increased with respect to klc-2/Kinesin Light Chain 2(km11) single mutants. Wild-type, n = 110; unc-116(e2310), n = 48; unc-116(rh24sb79), n = 48; unc-116(rh24sb79); animals (5% and 2% unilateral defects, respectively), but no errant cell body positions were observed in L3 and L4 animals ( Figure 1K ). In contrast, in unc-116/KHC(rh24sb79) animals, PHB neurons became progressively displaced anteriorly at subsequent stages: 16% (2% bilateral, 14% unilateral) in L1s, 38% (7% bilateral, 31% unilateral) in L2s, 61% (16% bilateral, 45% unilateral) in L3s, 42% (12% bilateral, 30% unilateral) in L4s, and 68% (25% bilateral, 43% unilateral) in adult animals ( Figure 1K ), consistent with a defect in maintaining posterior PHB position. In addition, the severity of the defect increased over time. In wild-type animals, the average distance from the anal sphincter to the most anterior PHB cell body increased from 3.3 mm in L1 to 4.3 mm in L2, 6.6 mm in L3, 9.3 mm in L4, and 9.5 mm in adults as the animals lengthened. However, in unc-116/KHC (rh24sb79) animals, the opposite trend was observed. The distance shortened and then became negative, as PHB cell bodies were displaced anterior of the anal sphincter: 1.6 mm in L1, 20.3 mm in L2, 21.9 mm in L3, 21.1 mm in L4, and 23.0 mm in adults (Table S1 ). These results are also consistent with a role for UNC-116/KHC in maintaining appropriate PHB cell body position.
Cell-specific expression of UNC-116/KHC in PHB can rescue cell body position in unc-116/KHC mutants If UNC-116/KHC has a cell-autonomous role in maintaining PHB cell body position, then expression of wild-type UNC-116/KHC in the PHB neurons should rescue the unc-116/ KHC strong loss-of-function mutant phenotype. Consistent with this prediction, inducing the expression of unc-116/ KHC by introducing the wild-type unc-116/KHC cDNA under the direction of the PHB-specific promoter nlp-1 significantly rescues the defect in unc-116/KHC(rh24sb79) mutants (Figure 1L) . This indicates that UNC-116/KHC functions cell autonomously to mediate this process.
The unc-116/KHC defect is relatively specific to PHB neurons To determine whether other sensory neurons in the lumbar ganglion were similarly affected by mutations in unc-116/ KHC, we determined the location of PHA sensory neurons in unc-116/KHC(rh24sb79) mutants. To accomplish this, we cell-specifically expressed mCherry in PHB neurons and dye-filled the same animals with DiO to fluorescently label both PHB and PHA neurons in green. PHAs were less likely to be anteriorly displaced (Figure 2 , E-H), with only 11% of PHA neurons being anteriorly displaced unilaterally. To determine whether other neurons in the lumbar ganglion were affected, we examined unc-116/KHC(rh24sb79) animals carrying a transgene that directs pan-neuronal expression of GFP, otIs45 (Altun-Gultekin et al. 2001). unc-116/KHC(rh24sb79) animals displayed a relatively intact nervous system that included approximately properly located lumbar and preanal ganglia (Figure 2, I-P). This indicates that defects in PHB neuronal position in unc-116/ KHC mutants are relatively specific and are unlikely to be a general defect or a consequence of the animals being unhealthy.
Other motor proteins function redundantly or do not play a role in maintaining PHB cell body position
The ability of UNC-116/KHC to maintain proper PHB cell body position could be unique or it could be a function of many kinesins. Therefore, we examined five additional kinesins and kinesin-like proteins: KLP-11/KIF3B, OSM-3/KIF17, UNC-104/KIF1A, VAB-8/KIF26B, and ZEN-4/KIF23 (Siddiqui 2002) . Animals with mutations in the genes that encode these molecules did not have significant defects in PHB cell body position ( Figure S1A ). These results indicate that other kinesins either have redundant roles or have no role in maintaining PHB cell body position.
Dyneins often act as an opposing force to kinesins (Hirokawa et al. 2010) . To determine whether dyneins have a role in PHB cell body localization, we tested both C. elegans dynein heavy chain molecules: DHC-1 and CHE-3. Null alleles of dhc-1 are lethal; however, two temperature-sensitive alleles exist, or283ts and or352ts. Both alleles are 100% embryonic lethal at 25° (Hamill et al. 2002; O'rourke et al. 2007) . Therefore, each mutant line was raised at 20°until L1, and then a subset was transferred to 25°, with the rest remaining at 20°as a control. Neither dhc-1(or352ts) nor dhc-1(or352ts) animals had significant PHB cell body position defects as adults ( Figure S1B ). Similarly, che-3(e1124) severe loss-of-function mutant animals (Peckol et al. 1999) had normal PHB cell body position ( Figure S1B ). This suggests that either dyneins do not play a role in PHB cell body position or they act redundantly in this process.
Wnt and FGF pathway mutants do not perturb PHB position
To determine which molecules could be acting with UNC-116/KHC in PHB, we first examined Wnts, a class of diffusible proteins implicated, along with their Frizzled receptors, in anterior-posterior cell migration (Harris et al. 1996; Whangbo and Kenyon 1999; Silhankova and Korswagen 2007) . C. elegans has five Wnts: CWN-1, CWN-2, EGL-20, LIN-44, and MOM-2. Of the single Wnt mutants we assayed, none had a significant defect ( Figure S4 ). Since Wnts are known to function redundantly in C. elegans, we also tested lin-44(n1792); egl-20(n585) double mutants and lin-44(n1792); cwn-1(ok546); cwn-2(ok895) triple mutants. Neither had a significant defect ( Figure S4) . In animals where all five Wnts were mutant (Zinovyeva et al. 2008) , PHB neurons appear unhealthy, but did not appear to be displaced (data not shown). C. elegans also expresses four Frizzled receptors: CFZ-2, LIN-17, MIG-1, and MOM-5. Each receptor mutant also had normal cell body position ( Figure S4 ).
We also analyzed egl-17/Fibroblast Growth Factor (FGF) and egl-15/FGF receptor (FGFR) mutant animals to determine whether the diffusible FGF or its transmembrane receptor, previously implicated in maintaining cell position through an adhesive mechanism (Stern and Horvitz 1991; Bulow et al. 2004) , is required for PHB position. However, both egl-17/FGF(e1313) and egl-15/FGFR(n484) mutant animals had 100% wild-type PHB cell body position ( Figure S4 ).
UNC-116/KHC functions with UNC-6/Netrin and UNC-40/DCC and in parallel to SAX-3/Robo Since Wnts and FGFs do not appear to play a role in maintaining PHB cell body position, we examined the UNC-6/Netrin ligand, and its receptors: UNC-40/DCC and UNC-5/Unc5. Classically, UNC-6/Netrin binding UNC-40/DCC is an attractive signal in cell migration and axon guidance along the dorso-ventral axis. However, when UNC-6/Netrin binds UNC-5/Unc5 alone or with UNC-40/DCC, the UNC-6/ Netrin signal can become repulsive (Hedgecock et al. 1990; Leung-Hagesteijn et al. 1992; Chan et al. 1996; Bradford et al. 2009) . Surprisingly, both unc-6/Netrin(ev400) and unc-40/DCC(e271) mutants had a similar, although less penetrant, defect in the anterior-posterior placement of PHB cell bodies to that observed in unc-116/KHC mutants. PHB cell bodies were anteriorly displaced in 35% of unc-6/Netrin (ev400) mutant animals (2% bilateral, 33% unilateral) (Figure 3 , A-C and M) and 26% of unc-40/DCC(e271) mutant animals (5% bilateral, 21% unilateral) (Figure 3 , D-F and M). However, unc-5/Unc5(e53) did not cause a significant defect, indicating that it may not have a role in this process ( Figure 3M ). Double mutants with unc-116/KHC(rh24sb79) and unc-6/Netrin(ev400) or unc-116/KHC(rh24sb79) and unc-40/DCC(e271) do not have significantly enhanced penetrance over that of unc-116/KHC(rh24sb79) alone (Figure 3, . This indicates that UNC-116/KHC, UNC-6/Netrin, and UNC-40/DCC likely function in the same PHB cell body position pathway.
To determine whether UNC-40/DCC also plays a role in maintaining PHB cell body position, we assayed unc-40/DCC (e271) animals at each larval stage. As in unc-116/KHC mutants, PHB cell bodies became progressively displaced anteriorly at subsequent stages in unc-40/DCC(e271) mutant animals ( Figure S2 ). This is consistent with a model in which UNC-40/DCC and UNC-116/KHC function in the same pathway to mediate maintenance of PHB cell body position.
To determine whether a gradient of UNC-6/Netrin is important for proper PHB cell body position, we attempted to disrupt the local gradient by expressing UNC-6/Netrin throughout the region, using the egl-20 promoter, which drives expression in a group of epidermal and muscle cells in the posterior of the animal from late embryos throughout larval development (Gleason et al. 2006) . Specifically, the egl-20 promoter drives expression in cells surrounding the PHBs, including the rectal epithelial cells K, F, U, B, and Y; the anal depressor muscle; and the posterior ventral body wall muscle quadrants VL23 and VR24 (Whangbo and Kenyon 1999; Harterink et al. 2011) . In fact, expression of UNC-6/Netrin throughout the region was sufficient to displace phasmid neurons anteriorly in two separately generated transgenic lines ( Figure S3 ). Anterior displacement of phasmid neurons was qualitatively similar to that observed in unc-6/Netrin mutants, although less penetrant. In line 1, 18% of animals had unilateral defects, and in line 2, 13% of animals had unilateral defects. Increased expression of the transgene resulted in early larval lethality, precluding determination of whether a higher expression level was needed to disrupt the UNC-6/Netrin gradient completely or in all animals.
We then examined another set of potential upstream signaling molecules implicated in cell migration: the SAX-3/ Robo receptor and the SLT-1/Slit ligand (Ypsilanti et al. 2010) . We observed a small, but significant 14% defect in sax-3(ky123) mutant animals (2% bilateral, 12% unilateral), while slt-1(eh15) mutant animals appeared normal (Figure 4 , A-C and G). However, sax-3/Robo(ky123); unc-116/KHC(rh24sb79) double mutants had highly penetrant 91% defects in PHB cell body position (51% bilateral, 40% unilateral) (Figure 4, D-G) . This indicates that SAX-3/ ROBO and UNC-116/KHC likely function in parallel to mediate PHB cell body position. To determine whether slt-1/ Slit had a redundant function with UNC-116/KHC, we generated slt-1/Slit(eh15); unc-116/KHC(rh24sb79) double mutants. However, the penetrance of these double mutants was not significantly enhanced with respect to that of unc-116/KHC(rh24sb79) mutants, indicating that SLT-1/Slit is unlikely to function redundantly with UNC-116/KHC in this process ( Figure 4G ).
Two cell adhesion molecules have previously characterized functions in maintaining positional integrity of neurons through adhesive mechanisms: the basement membrane receptor DGN-1/Dystroglycan (Johnson and Kramer 2012) and the immunoglobulin superfamily protein SAX-7/L1CAM (Sasakura et al. 2005) . dgn-1/Dystroglycan mutants have previously characterized defects in phasmid cell body position. To determine whether DGN-1/Dystroglycan functions with UNC-116/KHC or in parallel to it, we generated dgn-1/ Dystroglycan(cg121); unc-116/KHC(rh24sb79) double mutants. The defects in these double mutants were significantly increased with respect to either single mutant, with defects in 100% of animals (88% bilateral, 12% unilateral), indicating that DGN-1/Dystroglycan likely functions in parallel to UNC-116/KHC ( Figure S5A ). sax-7/L1CAM(nj48); unc-116/ KHC(rh24sb79) double mutants also displayed an enhanced penetrance with respect to unc-116(rhsb79) alone, with defects in 89% of animals (62% bilateral, 27% unilateral), indicating that SAX-7/L1CAM functions redundantly with UNC-116/KHC and may act in parallel to UNC-116/KHC to regulate PHB cell position ( Figure S5B ).
Several molecules that act with kinesins in other neuronal processes have roles in PHB cell body position
To determine what molecules might act with UNC-116/KHC to maintain PHB cell body position, we tested strains with mutations in genes that act with kinesins in other neuronal , unc-116(rh24sb79) (n = 44), unc-6(ev400) (n = 51), unc-40(e271) (n = 38), unc-5(e53) (n = 44), unc-6(ev400); unc-116(rh24sb79) (n = 44), and unc-40 (e271); unc-116(rh24sb79) (n = 50) mutant animals with defective cell body position. ***P , 0.001; **P , 0.01; *P , 0.05; NS, not significant; z-test was used when only unilateral defects were observed and Fisher's exact test was used when both bilateral and unilateral defects were observed. P-values were adjusted for multiple comparisons using the Hochberg method.
pathways for defects in proper PHB position. First, we tested mutations in the gene that encodes the cargo receptor UNC-33/CRMP2, whose localization is dependent on UNC-116/ KHC and which cooperates with KHC to transport the WAVE complex in axon outgrowth (Kawano et al. 2005; Tsuboi et al. 2005) . We found that 47% of unc-33/CRMP2(e204) had anteriorly displaced PHB neurons (10% bilateral, 37% unilateral defects) ( Figure 5 , A-C and M). We also tested UNC-51/ULK, a serine/threonine kinase that phosphorylates UNC-76/FEZ to regulate kinesin cargo binding (Toda et al. 2008) . unc-51/ULK(e369) had a dramatic defect, with defects in 75% of animals (25% bilateral, 50% unilateral) ( Figure 5 , D-F and M). We then tested the cargo molecule UNC-69/SCOCO, whose localization is dependent on UNC-116/KHC and which interacts with UNC-76/FEZ to promote axon outgrowth and normal presynaptic organization (Su et al. 2006) . Thirty-four percent of unc-69/SCOCO(e587) animals have anteriorly displaced PHB cell bodies (7% bilateral, 27% unilateral) ( Figure 5 , G-I and M). Finally, we tested mutations in the cargo adaptor UNC-76/FEZ, whose localization is dependent on UNC-116/KHC and which functions with UNC-116/KHC in axon outgrowth and normal presynaptic organization (Su et al. 2006) . We also found a significant defect, with 18% of unc-76/FEZ(e911) mutant animals having anteriorly displaced PHB neurons (6% bilateral, 12% unilateral) ( Figure 5, J-M) . These defects are consistent with roles for UNC-33/CRMP2, UNC-76/FEZ, UNC-51/ULK, and UNC-69/SCOCO in regulating PHB cell body position.
To determine whether some of these mutants act with or in parallel to SAX-3/Robo, we constructed several double mutants with sax-3/Robo(ky123), including sax-3/Robo (ky123); unc-33/CRMP2(e204), sax-3/Robo(ky123); unc-69/SCOCO(e587), and sax-3/Robo(ky123); unc-76/FEZ (e911). Each of the double mutants has a more severe defect than any of the single mutants alone, with 72% (30% bilateral, 42% unilateral), 68% (19% bilateral, 49% unilateral), and 72% (31% bilateral, 41% unilateral) defects, respectively ( Figure 5M ). This indicates that like UNC-116/KHC, these three molecules likely act in a parallel pathway to that of SAX-3/Robo. To determine whether some of these mutants act in the UNC-116/KHC pathway, we generated several double mutants with unc-116/KHC(rh24sb79), including unc-116/KHC(rh24sb79); unc-33/CRMP2(e204), unc-116/KHC(rh24sb79); unc-51/ULK(e369), and unc-116/ KHC(rh24sb79); unc-76/FEZ(e911). [unc-116/KHC(rh24sb79); unc-69/SCOCO(e587) double mutants were not generated, as these genes are closely linked and both mutants are severely uncoordinated with low brood sizes.] unc-116/KHC(rh24sb79); unc-51/ULK(e369) double mutants grow slowly and highly penetrant larval lethality results in few progeny reaching adulthood in each generation (0-5 per parental hermaphrodite). While maintaining the strain over several generations, only three animals could be assayed, all of which had bilateral defects in PHB position; however, we are unable to draw conclusions from such a low sample size. unc-116/KHC (rh24sb79); unc-33/CRMP2(e204) and unc-116/KHC(rh24sb79); unc-76/FEZ(e911) double mutants were viable and do not have significantly more penetrant defects than unc-116/KHC (rh24sb79) mutants, indicating that UNC-33/CRMP2 and UNC-76/FEZ likely function in the UNC-116/KHC pathway ( Figure 5N) . Surprisingly, many kinesin pathway molecules did not have a role in PHB cell body position. These include UNC-14/ RUN, which interacts with UNC-51/ULK and the UNC-116/ KHC complex in synaptic vesicle localization; UNC-16/JIP3, which binds UNC-14/RUN and whose localization is dependent on UNC-116/KHC in synaptic vesicle localization; and KCA-1/Kinesin Cargo Adapter 1, part of the UNC-116/KHC complex in translocation of the meiotic spindle to the oocyte cortex ( Figure S6 ) (Sakamoto et al. 2005; Yang et al. 2005) .
Two actin regulators are required for correct PHB cell body placement
To determine whether actin regulation is important for PHB cell body position, we examined three known actin regulators that function in kinesin pathways: UNC-44/Ankyrin, UNC-34/Enabled, and WVE-1/WAVE (Kawano et al. 2005; Martin et al. 2005; Maniar et al. 2012) . Mutations in either unc-44/Ankyrin or unc-34/Enabled had significant defects, , unc-116(rh24sb79) (n = 44), slt-1(eh15) (n = 45), slt-1 (eh15); unc-116(rh24sb79) (n = 45), sax-3(ky123) (n = 43), sax-3(ky123); unc-116(rh24sb79) (n = 75), and slt-1(eh15) sax-3(ky123) (n = 49) mutant animals with defective cell body position. ***P , 0.001; **P , 0.01; *P , 0.05; NS, not significant, Fisher's exact test. P-values were adjusted for multiple comparisons using the Hochberg method.
although unc-44/Ankyrin was far more penetrant: 46% of unc-44/Ankyrin(e362) animals had defective PHB position (13% bilateral, 33% bilateral), while 7% of unc-34/Enabled (gm104) animals had a unilateral defect in PHB position ( Figure 6 ). To determine whether UNC-34/Enabled functions in the UNC-116/KHC pathway, unc-116/KHC(rh24sb79); unc-34/Enabled(gm104) double mutants were generated. These double mutants are not significantly more penetrant than unc-116/KHC(rh24sb79) mutants, consistent with the two molecules functioning in the same pathway ( Figure 6 ). However, wve-1/WAVE(ok3308) loss-of-function mutants had 100% normal cell body position, indicating either that WVE-1/WAVE functions redundantly with another actin regulator or that it does not function in this pathway ( Figure S6 ).
Since both actin and extracellular cues are important in the maintenance of PHB cell body position, we tested several molecules that are known to function downstream of UNC-40/DCC and SAX-3/Robo in axon guidance and/or cell migration to signal actin reorganization: CED-10/RAC1, MIG-2/Rho, MIG-10/Lamellopodin, MIG-15/NIK, and UNC-73/Trio (Merz and Culotti 2000; Quinn and Wadsworth 2008; Teuliere et al. 2011) . However, none of these mutants had a significant defect in PHB position ( Figure S6 ).
Discussion
Maintenance of correct cell body position is a critical process to preserve integrity and function of the nervous system. Using genetic analysis of fluorescently labeled sensory neurons, we have identified an UNC-116/KHC pathway that maintains the position of the PHB sensory neurons. Maintenance of cell body position is in part achieved through conserved cell and axon migration cues that act with and in parallel to UNC-116/KHC. UNC-116/KHC may then recruit potential cargo and regulatory proteins, as well as actin regulators required in cell and axon migration. This is consistent with an active posterior migration that is required to maintain PHB cell body position. These findings may provide insights into Kinesin-mediated modulation of neuronal position observed in vertebrate systems.
Extracellular guidance cues aid in maintaining PHB position
We find that the UNC-40/DCC receptor and the secreted UNC-6/Netrin ligand act in the UNC-116/KHC to regulate PHB position, while the SAX-3/Robo receptor acts in parallel. Expression of UNC-6/Netrin throughout the region disrupts PHB position, suggesting that an UNC-6/Netrin gradient may be required for this process. In addition, previous studies indicate that many of the PHB position pathway members we have identified are transported by UNC-116/ KHC [UNC-33/CRMP2, UNC-69/SCOCO, and UNC-76/FEZ (Su et al. 2006; Tsuboi et al. 2005) ], and all act in cell and/ or axon migration (see below). However, two adhesion molecules, DGN-1/Dystroglycan and SAX-7/L1CAM, likely function in parallel to UNC-116/KHC. Taken together, our findings are consistent with a model in which UNC-40/ DCC receives attractive input from a source of UNC-6/Netrin , unc-33(e204) (n = 41), unc-51(e369) (n = 36), unc-69(e587) (n = 59), unc-76(e911) (n = 49), sax-3(ky123) (n = 43), sax-3(ky123); unc-33(e204) (n = 51), sax-3(ky123); unc-69(e587) (n = 47), and sax-3(ky123); unc-76(e911) (n = 51) mutant animals with defective cell body position. (N) Quantification of the proportion of wild-type (n = 110), unc-116(rh24sb79) (n = 44), unc-116(rh24sb79); unc-33(e204) (n = 45), and unc-116(rh24sb79); unc-76(e911) (n = 49) mutant animals with defective cell body position. ***P , 0.001; **P , 0.01; *P , 0.05; NS, not significant, Fisher's exact test. P-values were adjusted for multiple comparisons using the Hochberg method.
to trigger the UNC-116/KHC pathway, such as the other lumbar ganglion neuron PVQ (Wadsworth et al. 1996) , although we cannot exclude the possibility that UNC-116/ KHC has an upstream function. Maintaining PHB position throughout development may then require an active UNC-116/KHC pathway-mediated posterior migration. In parallel, DGN-1/Dystroglycan and SAX-7/L1CAM likely also have roles in maintaining PHB position through a previously described conventional adhesive mechanism among contacting cells (Sasakura et al. 2005; Johnson and Kramer 2012) .
UNC-6/Netrin and UNC-40/DCC likely act in parallel to another molecule or pathway, as mutations in these guidance molecules have less penetrant phenotypes than those observed in unc-116/KHC mutants. However, egl-17/FGF, egl-15/FGFR, Wnt ligands, and Wnt receptors do not have significant defects in PHB cell body position. Either they may act redundantly, an unidentified ligand and receptor may provide this information, or the remaining function of UNC-116/KHC may be mediated by cell-intrinsic cues.
UNC-116/KHC may act through several potential adaptor, cargo, and regulatory proteins
We have identified several proteins that act in other kinesin pathways as having critical roles in regulating PHB cell body position. These include the cargo receptor UNC-33/CRMP2, the cargo adaptor protein UNC-76/FEZ, and the cargo molecule UNC-69/SCOCO. UNC-76/FEZ interacts with UNC-69/ SCOCO to mediate transport of vesicles in axon outgrowth and synapse formation (Su et al. 2006) , suggesting a potentially similar role in this process. We also found a role for the serine/threonine protein kinase UNC-51/ULK, which has been found to directly phosphorylate UNC-76/FEZ and regulate its ability to bind kinesin cargo in Drosophila (Toda et al. 2008) . Additionally, we find that the actin regulators UNC-44/Ankyrin and UNC-34/Enabled have significant roles in this process (although the role of UNC-34/Enabled is likely minor). Recent studies also demonstrate a role for UNC-44/Ankyrin in sorting cargo for and localizing another kinesin, UNC-104/KIF1A (Maniar et al. 2012) , suggesting a similar role with UNC-116/KHC.
All of these genes also act in cell and/or axon migration in various other neurons, although not as far as we can tell in the same cells (Hedgecock et al. 1985 (Hedgecock et al. , 1990 Ogura et al. 1997; Kawano et al. 2005; Chang et al. 2006; Su et al. 2006) . Axon outgrowth is a process that many studies indicate parallels cell migration at the molecular level. However, several mutants that affect cell migration and axon guidance do not have significant defects in this process. Similarly, several other axon guidance and cell migration pathway mutants do not seem to affect PHB position. It is possible that some or all of these molecules function redundantly with other regulators. However, taken together, these results suggest that a subset of cell and axon migration genes is conserved and functions in this new pathway to mediate neuronal position.
Specificity of the UNC-116/KHC pathway
It is interesting that UNC-116/KHC has a largely unique role in maintaining PHB cell body placement with respect to other kinesins. Other kinesin and kinesin-like mutants that we tested had no significant defects in this process, although we have not excluded the possibility that they might act redundantly. This suggests a specificity of UNC-116/KHC in this process. UNC-116/KHC plays a more minor role in regulating the position of PHA neurons, although their morphology and position are similar to those of PHB neurons. Also, the lumbar ganglion appears largely normal in unc-116/KHC mutants, indicating that the mechanisms that regulate position of the remainder of this ganglion are likely distinct. This is consistent with work from other groups describing mechanisms guiding these neurons (Sasakura et al. 2005; Zhou et al. 2008; Benard et al. , 2012 Zhou and Chen 2011; Johnson and Kramer 2012) .
In this respect, PHB neurons may be a good system for understanding the role of kinesins in maintaining neuronal position. As all of the molecules identified in this study have vertebrate homologs, it is possible that this pathway is conserved in vertebrate systems. If so, it is possible that this process might contribute to the aberrant neuronal position observed in kinesin mutants in vertebrates (Verrotti et al. 2010; Liu 2011) . Future studies in these systems will be required to test this hypothesis. (rh24sb79); unc-34(gm104) (n = 51), and unc-44(e362) (n = 39) mutant animals with defective cell body position. ***P , 0.001; **P , 0.01; *P , 0.05; NS, not significant; z-test was used when only unilateral defects were observed and Fisher's exact test was used when both bilateral and unilateral defects were observed. P-values were adjusted for multiple comparisons using the Hochberg method. unc--40(e271) animals becomes more penetrant in later larval stages and in adults. Wild--type L1 n=76, L2 n=43, L3 n=42, L4 n=42, and adult n=110 animals. unc--40(e271) L1 n=40, L2 n=51, L3 n=47, L4 n=42, and adult n=38 animals. ***P < 0.001, **P < 0.01, *P < 0.05, NS, not significant, z--test used when only unilateral defects were observed and Fisher's exact test used when both bilateral and unilateral defects were observed. P--values were adjusted for multiple comparisons using the Hochberg method. , and wyEx1916 (n=38) with displaced phasmid neuron cell bodies (Phasmid). ***P < 0.001, **P < 0.01, *P < 0.05, NS, not significant, z--test. P--values were adjusted for multiple comparisons using the Hochberg method. FGF: egl--17(e1313) (n=55) , and L1CAM: sax--7(nj48) (n=53) mutant animals with normal cell body position. ***P < 0.001, NS, not significant, z--test. P--values were adjusted for multiple comparisons using the Hochberg method. Error bars represent standard error of proportion. sax--7(nj48) (n=217), and unc--116(rh24sb79) ; sax--7(nj48) (n=34) mutant animals with defective phasmid neuron cell body position. ***P < 0.001, **P < 0.01, *P < 0.05, NS, not significant, z--test used when only unilateral defects were observed and Fisher's exact test used when both bilateral and unilateral defects were observed. P--values were adjusted for multiple comparisons using the Hochberg method.
0%# 20%# 40%# 60%# 80%# 100%# Table S1 Average distances from the anal sphincter to phasmid neurons. Column 2, average distances from the anal sphincter to the most anterior edge of the most anterior cell bodies on both the left and right sides. Column 3, average distances from the anal sphincter to the most anterior edge of the most anterior cell body on either the left or right side. Positive numbers refer to a position posterior of the anal sphincter, while negative numbers reflect that the cell is anterior of the anal sphincter. n=20 for all mutants except unc--40(e271), for which n=19. 
